Parathyroid hormone-related protein (PTHrP) is a multifunctional protein that is often dysregulated in cancer. The human PTHrP gene is alternatively spliced into three isoforms, each with a unique
Introduction
Parathyroid hormone-related protein (PTHrP) is a multifunctional protein that was initially identified as a tumor-secreted factor causing humoral hypercalcemia of malignancy (HHM) (Burtis et al. 1990 , Dunne et al. 1993 ). The precise function of PTHrP in most adult tissues has not been completely elucidated, but has been reported to be important in growth and differentiation as well as cell proliferation and apoptosis (Wysolmerski & Stewart 1998) . PTHrP shares amino-terminal homology to parathyroid hormone (PTH), and in patients with HHM, PTHrP is secreted into the circulation in a concentration sufficient to stimulate PTH/PTHrP receptors in kidney and bone causing increased serum calcium (Broadus & Stewart 1994) . Dysregulation of PTHrP gene expression in cancer has been attributed to be the cause for HHM, which has been reported in up to 20% of cancer patients (Rosol & Capen 1992 , Rankin et al. 1997 , Sellers et al. 2000 .
HHM has been most commonly reported in patients with carcinomas (Marino et al. 1993) , and may be due to alterations in the cellular PTHrP isoform expression. The PTHrP gene is alternatively spliced at the 3 end resulting in three isoforms encoding 139, 173 and 141 amino acid proteins, and different concentrations of PTHrP mRNA and their isoforms have been demonstrated in a tissue-specific manner , Philbrick et al. 1996 . Only humans are known to express PTHrP 173. The PTHrP mRNA isoforms share the majority of the coding region, but differ in the 3 end of the coding region and have different 3 -untranslated regions (3 -UTRs) (Fig. 1) . The functional significance of the three 3 -UTR isoforms of PTHrP mRNA has not been established. Alternatively spliced PTHrP mRNAs may have products with differing functions and the regulation of these isoforms is likely to be tightly controlled.
It is known that the expression of PTHrP is induced by a number of signaling molecules, such as transforming growth factor-1 (TGF-1) and epidermal growth factor (EGF) (Heath et al. 1995 , Werkmeister et al. 1998 . In addition, the increased PTHrP mRNA expression associated with these cytokines has been demonstrated to be due, in part, to the stabilization of PTHrP mRNA (Heath et al. 1995 , Benitez-Verguizas et al. 1999 , Sellers et al. 2002 . Studies have demonstrated that each of the PTHrP mRNA isoforms has a variable half-life that is differentially altered by cytokine treatment. For example, it has been reported that EGF increased the half-life of PTHrP 139 mRNA, but not PTHrP 141 or 173 mRNA (Heath et al. 1995) . Although there are reports of the effect of TGF-1 on PTHrP mRNA transcription and stability (Heath et al. 1995 , Benitez-Verguizas et al. 1999 , regulation of PTHrP mRNA stability and steady-state levels of specific isoforms of PTHrP mRNA by TGF-1 have not been extensively examined. In cancer, changes in the cellular PTHrP mRNA expression profile, through differences in the cytokine milieu or alterations in cell function, may contribute to the development of HHM or the rate of tumor metastasis (Guise et al. 2002) .
In order to better understand the regulation of PTHrP mRNA expression and potential contributing factors for changes in expression patterns that might be important in cancer, we examined cell-type differences in PTHrP mRNA isoform expression in two carcinoma cell lines and an immortalized keratinocyte cell line, as well as pulmonary carcinoma and adjacent normal tissue. We further investigated the potential contribution of changes in PTHrP mRNA stability in the manifestation of these expression profiles. Specifically, we examined the effect of TGF-1, an important cytokine in cancer progression that increases PTHrP mRNA expression in epithelial cells, on the stability of the three PTHrP isoforms, and evaluated mRNA binding proteins that may play a role in PTHrP mRNA stability.
Materials and methods

Cell lines and culture conditions
Cell lines were originally isolated from a hypercalcemic human patient with a lung squamous carcinoma (HARA; generously donated by H. Iguchi) (Iguchi et al. 1993 , Takai et al. 1996 , Nishigaki et al. 1999 and from a normocalcemic dog with an oral squamous carcinoma (SCC2/88) (Suter et al. 1991) . The cell lines were chosen because both cell lines have been characterized to express and secrete PTHrP (Merryman et al. 1993 , Takai et al. 1996 , Nishigaki et al. 1999 as well as respond to TGF-1 to induce PTHrP mRNA (data not shown). SCC2/88 cells were cultured in William's E medium (Invitrogen, Carlesbad, CA, USA) with 2 mM -glutamine (Invitrogen), 50 µg/ml gentamicin, 10% fetal calf serum (FCS; Invitrogen), 1 ng/ml EGF (Invitrogen), and 10 µM cholera toxin (Calbiochem, Inc., San Diego, CA, USA). HARA cells were cultured in RPMI with 10% FCS, 2 mM -glutamine, and 50 µg/ml gentamicin. At 60-80% confluence the cells were placed in basal medium (William's E or RPMI with 2 mM -glutamine and 50 µg/ml gentamicin) for 16-24 h prior to treatment with TGF-1.
Patient samples
The Division of Tissue Procurement at the James Cancer Hospital and Solove Research Institute at The Ohio State University provided human tissue samples. Adjacent neoplastic and normal samples were obtained from 15 human patients with a prior diagnosis of non-small cell lung carcinoma. The samples were obtained at surgery, snap frozen in Figure 1 The PTHrP gene is differentially spliced into multiple isoforms. The PTHrP gene has three known alternative promoters (P1, P2 and P3) and nine exons. Exons 5 and 6 (coding exons) are alternatively spliced to exons 7, 8 or 9 at the 38 end into three mRNA variants to encode proteins of 139, 173 and 141 amino acids.
liquid N 2 and stored at 80 C until total RNA extraction. PTHrP expression was measured by quantitative RT-PCR (Richard et al. 2003) . The four carcinomas with the greatest PTHrP expression were used for this study.
Isolation and purification of total RNA
Total RNA was used for the reverse transcription reaction to prepare templates for quantitative real-time PCR. Total RNA was extracted by either homogenization of 50-100 mg of frozen tissue with 1 ml TRIzol reagent (Invitrogen) and a mortar and pestle or by homogenizing 5 10 6 cells in tissue culture plates. Chloroform (0·2 ml chloroform per 1 ml TRIzol) was added to homogenates and incubated at room temperature for 3-5 min and then centrifuged at 15 000 r.p.m. for 15 min at 4 C. RNA, present in the aqueous phase, was precipitated with isopropanol by centrifugation at 15 000 r.p.m. for 10 min at 4 C, and RNA pellets were washed with 70% RNase-free ethanol and re-precipitated by microcentrifugation. Total RNA was incubated twice for 30 min at 37 C with DNase I (10 U/µl; Roche, Indianapolis, IN, USA) in 10 mM Tris/MgCl 2 buffer, followed by a second total RNA isolation using TRIzol reagent. The amount of RNA was measured spectrophotometrically by the absorbance at 260 nm and purity was determined by the ratio of the absorbance at 260/280 (A 260/280 ). The RNA was stored in RNA storage solution (Ambion, Austin, TX, USA) at 80 C until use. Dr J. Foley (Indiana University) generously provided total RNA extracted from HaCaT cells (immortalized human skin keratinocytes).
Reverse transcription
The reverse transcription (RT) reaction was used to prepare samples for quantitative real-time PCR. The RT reaction on cell line material was carried out in a total volume of 20 µl of 1 RT buffer containing 10 mM dithiothreitol (DTT), 500 µM deoxynucleotide triphosphates (dNTPs), 25 ng oligo(dT) 12-18 , 5 mM MgCl 2 , 40 U of RNase inhibitor, and 50 U of Superscript II reverse transcriptase (Invitrogen). To this mixture, 2·5 µg of total RNA treated with DNase I was added. The reaction was allowed to proceed for 60 min at 42 C, followed by heating at 70 C (5 min) and rapid cooling on ice. Original total RNA was digested with 2 U of E. coli RNase H for 20 min at 37 C. Negative controls were prepared under the same conditions, but without addition of reverse transcriptase. RT reactions were performed in triplicate for each sample. RT reactions (20 µl) were brought to a final volume of 50 µl by adding RNase and DNase-free double-distilled water. The cDNA was stored at 20 C until use.
Real-time quantitative PCR
Utilizing cDNA from the previously described RT reaction, real-time quantitative PCR was used to measure the levels of expression of PTHrP mRNA isoforms and performed as previously described by our laboratory (Richard et al. 2003) .
Generation of PTHrP isoform-specific cDNA probes
Isoform-specific cDNAs for PTHrP were used for detection of PTHrP mRNA in Northern blots and were generated by PCR. Primers were designed from exons 7, 8 and 9 to be specific to PTHrP 139, 173 and 141 respectively. The forward and reverse primers specific for PTHrP 139 (403 nt) were 5 -TTCTGCCTTGGCTTGGACAA-3 and 5 -CATGATGCTGTTCTGCAGTG-3 ; for PTHrP 173 (447 nt) were 5 -CAGCACTTCTGTGGGG TTTG-3 and 5 -GGCAATAAAGTAGGGTCC TT-3 ; and for PTHrP 141 (335 nt) were 5 -GGACATATTGCAGGATTCTG-3 and 5 -CAACCACAAAATAGAGACAC-3 . PCR was conducted utilizing a Platinum Taq PCR amplification kit (Invitrogen) with 1 PCR buffer, 2·5 mM MgCl 2 , 0·2 mM dNTPs, 5 and 3 primers (0·2 µM), and 1U Platinum Taq polymerase (Invitrogen) at 95 C for 2 min followed by 35 cycles of 95, 55 and 72 C of 45 s each using a BioRad iCycler (BioRad Laboratories, Hercules, CA, USA). The PCR-amplified cDNA sizes were confirmed by electrophoresis using a 1·5% agarose gel and purified with the Qiaquick PCR purification kit (Qiagen, Valencia, CA, USA).
32 P-labeled cDNA was generated using the StripEZ random primer cDNA labeling kit (Ambion) and the Qiaquick nucleotide removal kit (Qiagen) was used to remove unincorporated nucleotides.
PTHrP mRNA stability were measured in carcinoma cells after treatment with 3 ng/ml TGF-1 (R & D Systems, Minneapolis, MN, USA) or equal volume of vehicle (0·1% BSA in phosphatebuffered saline, PBS) for 6 h. After 6 h of treatment with TGF-1 or vehicle, cells were treated with 25 µg/ml of the transcription inhibitor, 5,6-dichloro-1-beta-ribofuranosyl benzimidazole (DRB, Calbiochem). At 0, 1, 2 and 4 h after addition of DRB, total RNA was extracted from the cells with TRIzol reagent (Invitrogen) followed by chloroform extraction and ethanol precipitation as previously described. Total RNA (20 µg) was separated on a 1% formaldehyde-agarose gel and transferred to a nylon membrane (Duralon, Invitrogen), crosslinked with u.v. light (Stratalinker, Stratagene, La Jolla, CA, USA), and hybridized with 32 P-labeled cDNA for PTHrP exons 7, 8 or 9 (as previously described) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (780 bp Pst1/Xba1 fragment of human GAPDH) in Ultrahyb (Ambion) at 42 C for 16 h. Membranes were washed twice for 5 min at 42 C in 2 SSC and 0·1% SDS and once for 30 min at 42 C in 0·1 SSC and 0·1% SDS. Blots were developed by autoradiography and quantitated using a PhosphorImager (425F-120, Molecular Dynamics, Sunnyvale, CA, USA).
PTHrP immunoradiometric assay (IRMA)
An IRMA (Diasorin, Stillwater, MN, USA) was used to measure concentration of secreted PTHrP (1-84) in culture medium. This assay measures PTHrP protein that is intact from amino acid 1-84 (termed PTHrP (1-84)), but cannot differentiate the individual isoforms. Each experiment was conducted three times in triplicate. Cells were treated with either TGF-1 (0·1, 1 or 3 ng/ml) or vehicle in 12-well plates. After 24 h of treatment, conditioned medium was collected and frozen at -20 C until analysis.
DNA quantitation
DNA from SCC2/88 cells was measured to normalize conditioned medium PTHrP concentrations between culture wells. After removal of the medium for the IRMA, cells were lysed with 5 M guanidine isothiocyanate (GITC) containing 0·5% sodium lauryl sarcosine and 20 mM sodium citrate, and the lysate was stored at -20 C. DNA was measured using Hoescht 23345 dye (Sigma Biochem, St Louis, MO, USA) in a 96-well black U-bottom Microfluor plate (Dynatech Labs, Ashford, Middlesex, UK). Samples were aliquoted into 100 µl TNE buffer (10 mM Tris pH 8·0, 0·5 mM EDTA, 0·25 M NaCl). The standard curve was generated with calf thymus DNA in TNE with an equivalent amount of GITC as used in the sample wells. 23345 Hoescht dye (100 µl of 0·1 mg/ml) was added to each well and samples were measured at 450 nm on an IDEXX fluorometer (IDEXX, Westbrook, ME, USA). S100 cytoplasmic protein extraction S100 protein extracts were used in the u.v. cross-linking assay (see below), as previously described (Sellers et al. 2002) . Briefly, cells were washed with ice-cold PBS, pelleted at 500 g at 4 C, re-suspended in homogenization buffer (10 mM TRIS pH 7·4, 1·5 mM MgCl 2 , 10 mM KCl, 0·5 mM DTT) with 1·5 mM Na orthovanadate (Sigma), 50 mM NaF (Sigma), 10 mg/ml pepstatin (Roche), 33 mg/ml aprotinin (Roche), and 0·3 mM phenylmethanesulfonyl fluoride (PMSF, Sigma), and allowed to swell on ice for 20 min. Samples were homogenized and nuclei were pelleted at 12 000 g for 2 min at 4 C. Supernatants were transferred to an ultrafuge tube with 0·11 volumes of 10 extraction buffer (100 mM TRIS pH 7·4, 15 mM MgCl 2 , 1·5 M KCl, 5 mM DTT) and centrifuged at 100 000 g at 4 C for 1 h and the supernatant (S100) frozen in liquid nitrogen. Proteins were quantitated in triplicate utilizing the Bradford method (Brogdon & Dickinson 1983 ).
Generation of 32 P-labeled PTHrP RNA in vitro
32 P-labeled PTHrP RNA fragments were used in the u.v. cross-linking assay. Regions of the 3 -UTRs of PTHrP 139 and 141 mRNA isoforms were amplified by PCR using appropriate sets of primers (Table 1 ). All forward primers were tagged with a 5 -T7 promoter (TAATACGACTCACTATAG GGA) for in vitro transcription, followed by the sequence of interest. PCR products were purified using the PCR Purification Kit (Qiagen). The DNA templates were transcribed with the Maxi-Script kit (Ambion, Austin, TX, USA). Briefly, 1 µg of template DNA was mixed with 1 µl of 100 mM CTP, GTP and ATP, 2 µl 10 transcription buffer, 3 ml of 2 mM UTP, 5 ml of 3000 Ci per mmol -32 P-UTP, 10 U RNase inhibitor (Life Technologies), and 10 U T7 polymerase (Ambion). Samples were incubated at 37 C for 1 h, heated to 95 C for 3 min, and placed on ice. The DNA template was degraded with 2 U of RNase-free DNase I (Ambion) at 37 C for 15 min. RNA was extracted with acid phenolchloroform (Ambion), precipitated with isopropanol, and washed with 70% ethanol. The RNA was re-suspended in 20-50 ml diethyl pyrocarbonate (DEPC)-treated water (Sigma) and counted in a scintillation spectrophotometer.
u.v. cross-linking assay
An RNA-protein u.v. cross-linking assay was used to analyze the protein binding to the 3 -UTRs of PTHrP mRNA 139 and 141 (see Fig. 8 ) as previously described with minor modifications (Sellers et al. 2002) . Briefly, S100 extracts (10 mg) were combined with 200 000 c.p.m. of RNA with BSA (0·2 mg/ml) (Amresco, Solon, OH, USA), 8 U RNase inhibitor (Life Technologies), and 40 µg/ml tRNA (Life Technologies), incubated on ice for 20 min, and cross-linked with u.v. light (0·25 J total energy, 254 nm wavelength, 8 cm from source, Stratalinker, Stratagene) in 0·75 ml Eppendorf tubes on ice. Samples were treated with 1 µg/µl RNase A (Sigma) at 37 C for 30 min, mixed with loading buffer (0·35 M Tris-HCl pH 6·8, 30% (v/v) glycerol, 12% (w/v) SDS, 0·6 M DTT, and 0·18 M bromphenol blue), heated to 95 C for 3 min, and separated using a 12% SDS-PAGE gel with 37:1 acrylamide-bis-acrylamide (Ambion). The gel was run at 4 C for 11 h at 30 mA. Molecular weight standards were used to estimate the size of RNA-binding proteins (Rainbow Molecular Weight Markers, Amersham Pharmacia Biotech, Piscataway, NJ, USA).
Statistics
Data from the mRNA stability assays were analyzed using a single factor ANOVA analysis to determine the significance of differences between mean values. Probability (P) values less than 0·05 were considered statistically significant. Graphical representation of data includes the means S.E. 
Results
Tissue-specific expression of PTHrP mRNA isoforms
Alternative mRNA splicing is one way to achieve cell type and tissue-specific gene regulation. To precisely regulate PTHrP expression, different cells and tissues need the ability to activate PTHrP expression in response to certain signals such as TGF-1 or EGF in a differential manner. The production of the three different PTHrP isoforms by alternative splicing is one mechanism to achieve cell type and tissue-specific regulation, which may be altered during carcinogenesis or cancer progression. To test this hypothesis we measured the expression of the PTHrP 3 -isoforms in immortalized human keratinocytes (HaCaT cells) ( Fig. 2A) and lung carcinoma and adjacent normal lung tissue from four patients undergoing tumor resection (Fig. 2B,C) . Similar results were obtained from all four patients, and the representative results from one of the patients are presented in Fig. 2 . We demonstrated that PTHrP 139 mRNA was the predominant isoform expressed in human keratinocytes, while PTHrP 141 mRNA was the only isoform detected in normal lung tissue ( Fig.  2A,B) . Interestingly, all three isoforms were detected in four lung cancers with high PTHrP mRNA expression (one example, Fig. 2C ), demonstrating disruption of the normal regulation of PTHrP mRNA isoform expression during lung carcinogenesis.
SCC2/88 and HARA cells have different concentrations of PTHrP isoforms
In order to identify which isoforms of PTHrP were present in the two cell types and in what concentrations, we measured the steady-state levels of the PTHrP mRNA isoforms in SCC2/88 and HARA cells. We developed a quantitative real-time PCR approach to measure the relative levels of PTHrP mRNA. The 141 isoform was the predominant isoform expressed in SCC2/88 cells (Fig. 3A) , with very little PTHrP 139 expression. As expected, no PTHrP 173 was identified in the SCC2/88 cells. In HARA cells, PTHrP 139 mRNA was the predominant isoform, which was 2·5-fold greater than PTHrP 141 mRNA expression and sevenfold greater than PTHrP 173 mRNA expression (Fig. 3B ).
PTHrP mRNA (all transcripts) stability increased by TGF-1 in SCC2/88 but not HARA cells
Total PTHrP mRNA stability in the carcinoma cell lines (SCC2/88 and HARA) was measured after treatment with vehicle or TGF-1 for 6 h, followed by treatment with the transcription inhibitor, DRB. Northern blot analysis using a cDNA probe to the coding region of PTHrP (common to all three isoforms) revealed that TGF-1 treatment significantly (P<0·02) increased the steady-state mRNA levels in SCC2/88 and HARA cells (2·5-and 1·8-fold respectively, Fig. 4A and C based on time point 0). Northern blot analysis also revealed an average PTHrP mRNA half-life of 45 min in SCC2/88 cells (Fig. 4A,B ) and 240 min in HARA cells (Fig. 4C,D (Broadus & Stewart 1994) . We investigated whether the differences in the effect of TGF-1 on total PTHrP mRNA stability between the SCC2/88 and HARA cells could be attributed to expression of different isoforms in SCC2/88 and HARA cells by measuring the effect of TGF-1 on the half-life of each of the PTHrP mRNA isoforms. Northern blot analysis of HARA and SCC2/88 squamous carcinoma cells using specific cDNA probes for exons 7, 8 and 9 revealed differences in mRNA half-life between the various isoforms and differences in the effect of TGF-1 on mRNA half-life. The half-life of PTHrP mRNA with exon 9 (PTHrP 141) was 45 min in SCC2/88 cells (Fig.  5A,B) and 90 min in HARA cells (Fig. 5C,D) . TGF-1 treatment increased the mRNA half-life of exon 9-containing transcripts (141) twofold in SCC2/88 cells (P<0·05 at 1 h) and threefold in HARA cells (P<0·05 at 1 and 4 h) (Fig. 5) . The half-life of PTHrP mRNA transcripts containing exon 7 (PTHrP 139) in the canine SCC2/88 cells (Fig. 6A,B) and human HARA cells (Fig. 6C,D) was 90 and 120 min respectively. Treatment of both cell lines for 6 h with TGF-1 did not alter the mRNA stability of transcripts containing exon 7 (139 isoform) (Fig. 6) , even though TGF-1 mildly increased steady-state mRNA expression of PTHrP 139 1·5-and 1·7-fold (P<0·05) compared with vehicle treatment in SCC2/88 and HARA cells respectively. The half-life of mRNA containing exon 8 in HARA cells (PTHrP 173, not present in dogs) was more than 4 h and did not significantly increase after TGF-1 treatment (Fig. 7A,B) . Since this isoform is constitutively stable, it is possible that the 173 isoform is used when the constitutive expression of PTHrP is necessary. Thus, PTHrP 141 mRNA was the only isoform in which mRNA stability was affected by TGF-1.
Secretion of PTHrP (1-84) into conditioned medium after treatment with TGF-1
We analyzed the secretion of PTHrP protein (1-84) by SCC2/88 cells in response to TGF-1 stimulation. Conditioned medium from 24-h cultures of cells treated with 0, 0·3, 1·0 or Figure 4 PTHrP mRNA stability (all transcripts) was increased in SCC2/88 cells but not HARA cells by TGF-1 (3 ng/ml). After 6 h of TGF-1 (3 ng/ml) or vehicle treatment, 0·25 ng/ml of the transcription inhibitor, DRB, was added to SCC2/88 and HARA cell cultures and total RNA was extracted at 0, 1, 2 and 4 h. Twenty micrograms of total RNA was analyzed by Northern blot to measure all PTHrP mRNA transcripts (all isoforms) and the control mRNA, GAPDH. PTHrP data were normalized to GAPDH. 3·0 ng/ml TGF-1 demonstrated significant differences between baseline and TGF-1-induced PTHrP concentrations in SCC2/88 cells. All values were normalized to total DNA. The conditioned medium of SCC2/88 cells had 7·5 1·2 pM PTHrP/µg DNA. TGF-1 (0·3, 1·0 and 3·0 ng/ml) significantly increased PTHrP in the conditioned medium of SCC2/88 cells at all concentrations (Pc0·01): 24 7·0, 29 6·2, and 35 3·2 PTHrP pM/µg DNA respectively. Conditioned medium from HARA cells had concentrations of PTHrP below detectability of the assay.
Differences and similarities in proteins binding to the 3*-UTRs of PTHrP 141 and 139 mRNA isoforms
As we demonstrated, the 173 isoform of PTHrP mRNA was very stable (half-life>4 h), as compared with the 139 and 141 isoforms. Regulation of mRNA turnover (stability) may be more effective in the two isoforms with relatively short half-lives. The stability of the PTHrP 141 mRNA isoform, but not the 139 isoform, was increased by TGF-1. Interestingly, it has been reported that the stability of the 139 mRNA isoform, but not 141, was increased by EGF (Heath et al. 1995) . PTHrP 141 and 139 mRNA isoforms have nearly identical coding regions (two amino acid difference), but quite different 3 -UTRs. The stability of mRNA is often regulated by trans-acting factors binding to the 3 -UTR of mRNA (Chen et al. 1994) . Since the 3 -UTR is the only region of PTHrP mRNA that differs between PTHrP 141 and 139, we hypothesized that the differential effects of TGF-1 and EGF on PTHrP 141 and 139 mRNA isoform expression were determined by the difference in trans-acting factors that bind to the 3 -UTRs. Therefore, the PTHrP 141 and 139 3 -UTRs were expected to display different patterns of RNAbinding proteins.
We performed the u.v. cross-linking assay to analyze the proteins that bind to the 3 -UTRs of the 139 and 141 isoforms of PTHrP mRNA. The PTHrP 139 and 141 3 -UTRs were divided into four and three regions, respectively (Fig. 8A) , Figure 5 PTHrP (141) mRNA stability was increased in HARA or SCC2/88 cells by TGF-1 (3 ng/ml). After 6 h of TGF-1 (3 ng/ml) or vehicle treatment, 0·25 ng/ml of the transcription inhibitor, DRB, was added to SCC2/88 and HARA cell cultures and total RNA was extracted at 0, 1, 2 and 4 h. Twenty micrograms of total RNA was analyzed by Northern blot to measure PTHrP mRNA isoform 141 and the control mRNA, GAPDH. PTHrP data were normalized to GAPDH. and the in vitro transcribed RNAs were crosslinked to the HARA S100 cytoplasmic extracts. Indeed, we observed different patterns of proteins that were cross-linked to the PTHrP 139 and 141 mRNA isoforms (Fig. 8B) . The predominant protein bound to the 141 3 -UTR had the mobility of approximately 64 kDa (region 3), while the predominant protein that bound to the PTHrP 139 3 -UTR (region 2) had a mobility of approximately 55 kDa. Two other proteins with the mobility of approximately 80 and 100 kDa bound to PTHrP 141 3 -UTR, but not to 139 3 -UTR, while a protein with a mobility of approximately 45 kDa cross-linked to the PTHrP 139 3 -UTR, but not to the 141 3 -UTR. Both PTHrP mRNA 3 -UTRs for the 139 and 141 isoforms have binding proteins in the range of 37-40 kDa. Thus, the trans-acting factors bound to the 3 -UTRs of the two PTHrP mRNA isoforms may contribute to both the rapid turnover of the 139 and 141 PTHrP mRNA isoforms and to the differential response of these isoforms to TGF-1 and other growth factors (e.g. EGF).
Discussion
Alternative splicing of the 3 region of the PTHrP gene results in three different mRNA isoforms, encoding proteins of 139, 173 and 141 amino acids (Fig. 1) . These isoforms share the majority of the coding region, and the 141 and 139 protein isoforms are identical except for the addition of two amino acids at the C-terminus of the 141 isoform. Alternative splicing of the three isoforms, however, results in unique 3 -UTRs with some similar motifs (Broadus & Stewart 1994) . The physiological importance of the alternative splicing of PTHrP remains unknown. Alternative splicing is an important mechanism in the regulation of gene expression. Alternative mRNA splicing increases the coding capacity of Figure 6 PTHrP (139) mRNA stability was not increased in SCC2/88 or HARA cells by TGF-1 (3 ng/ml). After 6 h of TGF-1 (3 ng/ml) or vehicle treatment, 0·25 ng/ml of the transcription inhibitor, DRB, was added to SCC2/88 and HARA cell cultures and total RNA was extracted at 0, 1, 2 and 4 h. Twenty micrograms of total RNA was analyzed by Northern blot to measure PTHrP mRNA isoform 139 and the control mRNA, GAPDH. PTHrP data were normalized to GAPDH. genes and enhances protein diversity (Smith & Valcarcel 2000 , Caceres & Kornblihtt 2002 . Numerous examples exist of alternative splicing of genes resulting in proteins with different or opposing functions. For example, alternative splicing of the calcitonin gene, important in calcium homeostasis, results in the expression of both calcitonin and calcitonin gene-related protein (CGRP), which have different functions and are expressed in a tissue-specific manner (Lou & Gagel 1998 , 1999 . Additionally, alternative splicing may result in mRNA variants with different half-lives, as in the case of PTHrP. For example, alternatively spliced insulin-like growth factor-I transcripts within the growth plate have differential mRNA stabilities that have been interpreted to be important in the regulation of chondrocyte growth (Laugero & Oberbauer 2000) . It is likely that alternative splicing of PTHrP mRNA is important for the normal paracrine and intracrine function of PTHrP in specific cell types.
Human tissues express one or more of the alternatively spliced PTHrP mRNA isoforms (Mangin et al. 1988 , Philbrick et al. 1996 , Wysolmerski & Stewart 1998 , and tissue-specific expression has been described. Indeed, we and others have demonstrated that Figure 7 PTHrP (173) mRNA stability was not increased in HARA cells by TGF-1 (3 ng/ml). After 6 h of TGF-1 (3 ng/ml) or vehicle treatment, 0·25 ng/ml of the transcription inhibitor, DRB, was added to HARA cell cultures and total RNA was extracted at 0, 1, 2 and 4 h. Twenty micrograms of total RNA was analyzed by Northern blot to measure PTHrP mRNA isoform 173 and the control mRNA, GAPDH. PTHrP data were normalized to GAPDH. (Heath et al. 1995) . This is in contrast to effect of TGF-1 on PTHrP mRNA isoform stability described in this study. It is probable that both TGF-1 and EGF increase PTHrP mRNA stability, but the mechanisms for this increase likely differ between the two growth factors. The mechanisms by which TGF-1 and EGF increase PTHrP mRNA stability remain uncertain. Numerous studies have demonstrated a significant role of the 3 -UTR in regulating mRNA turnover (Chen et al. 1994 , Chen & Shyu 1995 , Mitchell & Tollervey 2000 . With this in mind we examined the differences between the proteins binding the 3 -UTRs of PTHrP 139 and 141, both of which have relatively short half-lives. These two isoforms have virtually identical coding region sequences with very different 3 -UTR sequences. Previous studies in our lab have demonstrated reduced binding of some proteins to the terminal coding region of the PTHrP 141 mRNA isoform with TGF-1 treatment (Sellers et al. 2002) . These studies, however, did not identify proteins that differentially bound to the 3 -UTR of PTHrP 141 mRNA after TGF-1 treatment. The molecular weight of the 3 -UTR binding proteins found previously were the same as described in this study. With these previous data, we examined the differences between the proteins binding the 3 -UTRs of PTHrP 139 and 141. The goal of these experiments was to examine differences in the binding proteins in the 3 -UTRs between the PTHrP 141 and 139 isoforms. We hypothesized that the short mRNA half-life of these two isoforms may be due to similar 3 -UTR-binding proteins, and the difference in the stabilizing effect of TGF-1 and EGF on the PTHrP 141 and 139 isoforms may be due to differences in the 3 -UTR binding proteins. Our mRNA-protein u.v. crosslinking experiments confirmed that there were distinct differences in protein binding to the 3 -UTR of these mRNA isoforms, in addition to proteins with similar size.
Numerous 3 -UTR-binding proteins associated with mRNA degradation have been described, and include AUF-1 family members, tristetetraprolin (TTP), K homology-type splicing regulatory protein (KSRP), hnRNPA1, hnRNPC, and AU-A, AU-B, AU-C (Bevilacqua et al. 2003) . While our previous studies did not find an effect of TGF-1 on protein binding in the 3 -UTR, the short half-life of the PTHrP mRNAs may be mediated by proteins binding the 3 -UTR that promote rapid degradation. Both PTHrP mRNA 3 -UTRs for the 139 and 141 isoforms have binding proteins in the range of 37-40 kDa, which is consistent with the molecular weight of p37 AUF-1 and p40
AUF-1 isoforms, both of which promote mRNA degradation (Wilson et al. 2001) . Proteins binding to the PTHrP 141 3 -UTR had the mobility of approximately 64, 80 and 100 kDa. Proteins binding to the PTHrP 139 3 -UTR had a mobility of approximately 45 and 55 kDa. Of the unique differences in binding proteins found between the mRNA 3 -UTRs, the 80 kDa binding protein in the 3 -UTR of PTHrP 141 is similar to the molecular weight of KSRP (reported to be 75 kDa), which has been suggested to recruit the exosome for mRNA degradation (Chen et al. 2001) . We cannot rule out that the higher molecular weight bands may represent protein aggregates that may have been cross-linked together during the u.v. cross-linking portion of the experiments. We are currently pursuing the identification of these proteins, which may help elucidate the signaling pathways resulting in stabilization of PTHrP mRNA by TGF-1. Our data also demonstrated that in addition to increasing PTHrP mRNA expression in carcinoma cell lines, TGF-1 also increased PTHrP protein secretion into the conditioned medium in SCC2/88 cells. The concentration of PTHrP in the conditioned medium of HARA cells was at the low end of assay detection, and as such, the effects of TGF-1 on PTHrP secretion by these cells could not be evaluated. The two-site IRMA used to measure PTHrP in conditioned medium is very sensitive, but identifies only intact (1-84) peptides. Thus, the IRMA would not detect any calciotropic cleavage products (e.g. 1-36) in the medium. This may explain the discrepancy between the mRNA expression and the IRMA results. Both HARA and SCC2/88 cells had similar PTHrP mRNA expression levels, but only SCC2/88 cells had substantial PTHrP protein in the conditioned medium by the IRMA. It is possible that PTHrP secreted by HARA cells was cleaved before or after secretion and therefore was not detectable by the IRMA. Immunohistochemical data on these cell lines (data not shown) demonstrated significant intracellular protein expression in both cell lines. Alternatively, PTHrP has been demonstrated to have intracrine effects, which may result in intracellular-specific actions of PTHrP without secretion. Ultimately, studies on the relationship between increases in PTHrP mRNA isoform expression and stability by TGF-1 or other modulators, and protein expression, cleavage and secretion will be essential to fully understand the actions of these isoforms in both normal and neoplastic tissues and in the development of HHM.
The complexity of regulation of PTHrP mRNA splicing, post-translational control, and secretion make understanding the mechanisms of HHM and the role of PTHrP in normal physiology and cancer challenging. It is therefore important to take into consideration not only PTHrP mRNA isoform variation (including variations in the 5 -UTR), but also post-translational modifications and intracrine functions of PTHrP. Our results provide insight into the physiological significance of the alternative splicing of the 3 end of the PTHrP gene and regulation of PTHrP mRNA stability by TGF-1. Information on the regulation of PTHrP mRNA isoform expression and mRNA stability will be important not only to understand its role in processes such as cancer, but also its role in development and cell differentiation. Further studies on PTHrP mRNA isoforms may be important for identifying predictors in cancer on the development of HHM, cancer invasion and metastasis, and response to medical intervention.
